. Schemes of the interconnection of (a) 2T, (b) 3T, and (c) 4T tandem cells. 2T devices are limited by current matching of the subcells, and interconnected 3T devices are limited by matching of the voltages in the substrings of top and bottom cells. These configurations are described in more detail in [4] . the subcells and the bonding technique have a large impact on the device performance. Various subcell interconnection configurations of the tandem cells are possible, i.e., a tandem cell featuring two, three, or four terminals [3] , [4] . Two-terminal (2T) devices have the advantage that for module integration, they can be interconnected in series, as with single junction devices [see Fig. 1(a) ]. However, series interconnection requires current matching of the subcells. This current matching results in a strong restriction of the bandgap of the top cell and may cause significant performance losses under varying spectra [3] [4] [5] [6] . Operating the two subcells independently, as in the case of four-terminal (4T) devices [3] , [6] , [7] , circumvents the current matching constraint, as shown in Fig. 1(c) . However, this results in a more complex system integration. Part of the mismatch losses in case of 2T devices can be recovered by luminescent coupling [8] , [9] , if the bottom cell is the currentlimiting device.
Device modeling has predicted that three-terminal (3T) devices perform the same as 4T devices, and the effects on the device performance due to extracting power from the two different subcircuits of the bottom cell are marginal [10] , [11] . 3T 2156-3381 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. Scheme of the applied model to calculate the energy yield of novel tandem modules using TMY data [ambient temperature T amb , wind speed v w , total irradiance (=P in ), and spectral irradiance to calculate the spectral photon flux (λ)]. Experimental inputs are the double diode model saturation current densities J 01 and J 02 , EQE, series resistances R s and linear temperature coefficient α of the current for each subcell and an empirical model with c(v w ) comprising the thermal convection and subband gap radiation properties of the module. The operating temperature T is determined iteratively.
devices can also have benefits in cell processing and interconnection compared to 4T devices. For example, Si cells with an interdigitated back contact (IBC) design and a conductive front surface field can be used to enable tandem cells that do not require intermediate grids [12] . For the use of 3T devices in modules, the devices need to be interconnected appropriately, which adds significant restrictions to the operation of the devices compared to the operation as a single device. One interconnection method is in a combined parallel/series scheme [3] , [4] , [13] , as shown in Fig. 1(b) . This requires that the voltages of more than one series-connected bottom cell (e.g., two) are matched with the voltage of one parallel-connected top cell. This interconnection scheme is independent of the type of 3T device, e.g., if the third contact is enabled by the IBC bottom cell or if the cells feature a middle contact etched through one junction [14] . It was shown that this voltage matching is more robust against spectral changes than current matching [3] , [4] , [15] , [16] , which is beneficial for the energy yield [17] .
Yield analysis is crucial to evaluating the potential and costs of new photovoltaic (PV) technologies in different configurations. Outdoor performance data from the final device are necessary for a justified yield analysis. However, such data are not available for new technologies, since often only a limited number of sensitive, small-scale laboratory devices are available. However, their experimental I-V and QE data are available. Thus, a simple model based on experimental input data to determine the energy yield of such novel devices is needed.
In many theoretical studies analyzing the energy yield under global spectra, only spectral data are taken into account for the yield analysis, and temperature effects are neglected [18] or estimated by an elevated constant temperature [19] . More detailed works [20] use well proven and widely used temperature models based on empirical data of existing modules from, for example, King et al. [21] , but these models might underestimate the performance of new technologies. For example, less heat may be generated due to less thermalization, resulting from higher efficiency or less absorption of sub-bandgap light. Other works use a constant relation between irradiance and temperature increase independent of cell efficiency and wind speed [17] , [22] for the comparison of different technologies. New models for energy yield of tandem devices [23] , [24] take into account the effect of increased efficiency, but neglect wind speed and, like the works mentioned above, also neglect luminescent coupling. Alternatively, physical models to determine the operating temperature are available [25] , [26] that thoroughly consider the thermal aspects of new modules. However, they require detailed characterization of all module components and sophisticated simulations.
The approach used here accounts for the power received and the power delivered by the PV module. It includes the electrical power output as a function of spectral irradiance and temperature, as well as radiation and convection interpolated from existing outdoor performance measurements of a module with a similar bottom cell. These data are then corrected by the enhanced energy conversion of the incoming light resulting in less heating of the module. With this model, we are able to predict the annual yield of new module technologies by taking into account the interdependencies between light absorption, module operating temperature and energy conversion efficiency, and account for meteorological conditions.
In this paper, we analyze the implications of the model, focusing on thermal and spectral effects as well as luminescent coupling. We consider two different combinations of tandem devices, a GaAs/Si device with a current-limiting top junction and a GaInP/Si device with a current-limiting bottom junction, as well as several different device configurations (2T, 3T, and 4T).
II. MODEL
The model presented in this paper is schematically shown in Fig. 2 . It requires as input parameters 1) meterological data, which include spectral irradiance E, ambient temperature T amb , and wind speed v w , 2) experimental data of each subcell of the tandem device under standard testing conditions (STC) to extract the double diode model saturation current densities J 01 and J 02 , external quantum efficiency (EQE), series resistances R s , and the temperature coefficient of the short circuit current density J sc , as well as 3) an empirical convection factor c(v w ) of a module with similar bottom cells in order to include the impact of irradiation and wind speed on the operation temperature T. The cell parameters are given in Table I and the EQE of the subcells in Fig. 7 .
As meterological input parameters, we use typical meteorological year (TMY) data with a time resolution of 1 h for spectral and total irradiance, wind speed and outdoor temperature, in Denver, CO, USA (39.73°N, 104.74°W) [27] .
For every hour of the year and for every tandem configuration, we calculate the spectral photon flux (λ) based on the spectral irradiance and, using the EQE of the subcells, calculate the short circuit current density J sc for each junction. Additional optical effects are neglected for simplicity. The experimental EQE data for all subcells are taken from [1] . The temperature dependence of the short circuit current density J sc is taken into account by the linear coefficient α [28] - [30] ; α bot of the bottom cell is corrected for the effects of increased absorption in the top cells due to temperature-dependent bandgap shifts as taken into account by α top . We describe the I-V curve and operation of the subcells by the double diode model. We extract the parameters for the double diode model under STC by interpolation from experimentally measured I-V curves of Si cells [31] and of GaAs and GaInP cells [1] . Since the shunt resistances of all investigated subcells are higher than 10 k cm², the impact of the shunt resistance is neglected.
The temperature dependences of the saturation current densities J 01 (T ) and J 02 (T ) are implemented according to [32] 
(1)
with the temperature dependent bandgap E g (here used from [33] [34] [35] ), and k is the Boltzmann constant. Based on the I-V curves of the subcells, we calculate the I-V curves of the devices interconnected in strings. In the case of a 2T tandem solar cell, the top and bottom subcells are series connected on the cell as well as on the module level, as shown in Fig 1(a) . Therefore, we add the voltages of the top and bottom subcells' I-V curves for equal currents in order to extract the temperature-dependent efficiency η(T) at the maximum power The ideality factors for the double diode model are n 1 = 1 and n 2 = 2. J 01 and J 02 are the saturation current densities, R s the series resistances, and α the linear temperature coefficient of the short circuit current.
point of the resultant I-V curves. For 3T devices, we only take the most relevant case of one top subcell in parallel to two bottom subcells [3] , [4] into account, as shown in Fig. 1(b) . Thus, we calculate the I-V curve and η(T) of a string of 3T cells by adding the currents of the top J top and bottom subcells
. Additional losses at the string ends [3] and due to minor effects occurring in the operation of 3T bottom cell are neglected [10] , [11] . For the independent operation of the subcells in 4T devices and their strings as shown in Fig. 1(c) , we sum up the power at maximum power point P mpp of the individual subcells. The temperature of a module is determined based upon total incoming energy P in reduced by the energy delivered by the module as the power output P out = P in × η(T ), which generates no heat in the module as in the approach by Hove [36] . Compared to single-junction modules, P out is significantly higher due to reduced thermalization losses, which reduces the module temperature. Here, we consider the thermal exchange of the module with its surroundings using outdoor performance data of a silicon PV module. Thereby, we include the convective and radiative properties of the module encapsulation, under the assumption that future tandem modules are encapsulated in the same way as current single-junction modules. Additionally, the module's reflection, especially the sub-bandgap reflection of the bottom cell, is considered, because the top cell transmits nearly all IR light and thus has negligible effect of the IR absorption.
We determine the module temperature as a function of wind speed, outdoor temperature, and irradiance using experimental data from a module with back-contacted Si solar cells located at the outdoor test field at NREL, Golden, CO, USA. Modules face south and have a tilt of 40°, which we also assume for the simulation. These modules have IR radiation and convective properties very similar to the ones we aim to predict. The data were collected over one year with data acquisition every minute. We ignore data for irradiance below 10 W/m² in order to focus on the module temperature during operation. Based on the known module efficiencies and temperature coefficients of the module, we convert the incident irradiance P in to the loss power density two different wind speeds v w . We observe a linear correlation between P loss and T, as is also predicted by the model of King et al. [21] . Since the temperature of the module follows an increase of irradiance and ambient temperature with some delay due to the module's nonzero heat capacity, the thermal history is included by a moving average over 12 min, which showed the lowest norm of residuals for the linear fits. This satisfactorily predicts the temperature increase without separate consideration of radiative heat transfer effects. The slope of the linear regression (red lines) is affected by the wind speed. Therefore, we describe T for a certain wind speed v w by
with the wind dependent convection factor c(v w ). Fig. 3(c) shows c(v w ) as a function of v w (blue symbols), indicating a linear dependence. As a consequence, we describe c(v w ) in case of the investigated module by
According to (3) and (4), the module efficiency influences the module temperature. The temperature-dependent efficiency and the resulting operation temperature is calculated iteratively until the temperature difference between two iterations is below 0.01 K. We start the iteration with ambient temperature. We assume a homogeneous temperature within the module, and in particular, the same temperature for both subcells.
For series-connected subcells (2T), the top and bottom bandgaps may not be matched perfectly, and luminescent coupling may need to be taken into account. In case of the GaAs/Si tandem devices, the bottom cell is the current-limiting cell. Thus, the top cell operates near open circuit condition and emits photons because of the radiative recombination. These can be absorbed by the bottom cell. Thus, this luminescent coupling increases J bot and decreases current mismatch losses. To investigate this effect, we calculate the current enhancement for the bottom cell J because of the luminescence from the forwardbiased top cell, according to [8] 
with η LC the luminescent coupling constant and J 01top (V top , T ) the saturation current density of the top cell, which depends on the top cell's voltage and temperature. As described above, we calculate the current based on the EQE, i.e., the active cell area without encapsulation. In a module, the current density J would be reduced by inactive areas, absorption, and reflection. The reflection of the module depends highly on the cells' dimension, metallization, and interconnection scheme, which are difficult to predict and have only small effects on the relative current yield between the different technologies. The same applies for series resistance contributions because of the interconnections. Thus, these factors are neglected here. However, the absorption by the encapsulation has a significant effect on the spectrum and is investigated here by using the absorption of a 450-μm-thick layer of ethylene-vinyl acetate (EVA) with enhanced transmission and a 4-mm-thick layer of low iron glass, as simulated using their extinction coefficients [37] . 
III. RESULTS AND DISCUSSION

A. Comparison of Technologies Under STC and Outdoor Conditions
The single top cells reach efficiencies of 20.4% and 26.9% under STC for GaInP and GaAs, respectively. The bottom cell from which we extracted the parameters for the double diode model has an efficiency of 25%. However, please note that this cell was not characterized under the top subcells; therefore we used the EQE data from [1] . Fig. 4(a) shows the efficiency η of the tandem devices under STC in blue and the harvesting efficiency η h extracted from the energy yield divided by the total insolation (2034 kWh/m²) when assuming the TMY spectra with varying irradiation intensities and spectral composition. For the calculation of the energy yield we use two temperature models: a constant temperature of 25°C shown in yellow and the temperature calculated according the presented yield model in red.
Under the assumption of equal bottom cells, the 4T GaInP/Si cells reach the highest efficiency of 34.0% and the 4T GaAs/Si cells reach 33.3% under STC. These are slightly higher values than in [1] mainly due to the different bottom cell assumed here. The efficiencies of the 2T devices are substantially lower with 31.0% and 18.1% for GaInP/Si and GaAs/Si devices, respectively. The voltage-matched interconnection (3T) performs similarly well to the 4T configuration under STC; the differences are 1.5% rel and 2.6% rel for GaInP/Si and GaAs/Si, respectively.
Using the same temperature as under STC, i.e., 25°C, but the TMY spectra of a full year, we find a change in efficiency η of up to 6.3% rel for the 2T GaAs/Si devices [yellow bars in Fig. 4(a) and (b) ]. For these devices, the top junction is current limiting when the subcells are series connected and the annual spectrum for Denver shows a blue shift with respect to the AM1.5G spectrum, which increases mismatch loss. In contrast, the top junction is current limiting for 2T GaInP/Si tandem cells resulting in the lowest η of 3.2% rel . For the 3T and 4T configurations, the differences are smaller than in the case of the 2T GaAs/Si devices with 3.9% rel -4.4% rel .
Adding temperature effects using the model of this work [red bars in Fig. 4(a) and (b) ] results in additional losses. The largest yield reduction can be observed again for the 2T GaAs/Si devices with an additional reduction of 2.6% rel , i.e., in sum of 8.9% rel . This is caused on the one hand due to the smaller current temperature coefficient α of the Si bottom subcell, which is filtered under the top subcell, compared to the GaAs top subcell. Thereby, the mismatch is increased further. On the other hand, the low efficiency results in a large amount of P loss and, thus, higher operating temperature. For the GaInP/Si 2T tandem cells, the efficiency is significantly higher, and the top cell limits the current. Thus, the additional loss due to temperature effects is 1.3% rel and smaller compared to the GaAs/Si 2T device.
Similar trends are observed for the voltage matched (3T) case. For the 3T GaInP/Si strings, the voltage at maximum power point V mpp of the individual top cells is more than twice the V mpp of the bottom cells. Since the voltage drop with increasing temperature is larger for the two Si bottom subcells than for the one GaInP top subcell, the mismatch is increased at higher temperature. The additional loss due to thermal effects in the energy yield adds 2.1% rel loss, i.e., in sum 6.5% rel when comparing the STC efficiency and the harvesting efficiency with temperature effects. In the case of the GaAs/Si 3T devices, the top cell limits the voltage, resulting lower additional losses of 1.4% rel and total relative loss of 5.3% rel .
For the 4T devices, no matching needs to be taken into account, and thus the additional loss due to thermal losses are similar with 1.4% rel (sum 5.4% rel ) and 1.6% rel (sum 5.8% rel ), for the GaInP/Si and GaAs/Si devices, respectively.
Comparing the STC efficiency and the harvesting efficiency with temperature effects for the Si cell alone shows a reduction in efficiency of 7.0% rel .There are substantial differences in harvesting efficiency between the use of the implicit solution of our model and if no thermal effects are taken into account. For com- parison, we also performed simulations using the widely used temperature model of King et al. [21] as done in other works. Fig. 4(b) shows the relative difference in harvesting efficiency using the King model with respect to the STC efficiency.
In the case of the GaAs/Si 2T devices, the efficiency of the module is similar to those of commercial single junction PV modules due to current mismatch between the cells. Thus, there is no effect due to an increased efficiency and, the temperature model of King and this model differ only by 0.03% rel . The deviation of our temperature model from the King model leads to a difference between -0.5% rel to -0.8% rel in energy yield for 3T and 4T models. This shows that a model neglecting the module efficiency predicts higher operating temperature and thus lower energy yield. The difference in operation temperatures is as large as 4.9°C, as shown in Fig. 5 , for the case of 4T GaInP/Si device.
This indicates that the STC values provide the correct trends in the final performance of modules, but substantial quantitative differences may occur due to the requirement of current or voltage matching for 2T and 3T devices, respectively.
B. Luminescent Coupling
Luminescent coupling has the potential to increase the current at the maximum power point and thus the energy yield of tandem devices. We use (6) to calculate the current increase using a coupling constant η LC between the two junctions of 0.5, which was measured for good monolithically grown GaInP/GaAs devices [38] , as an upper limit for stacked GaAs/Si and GaInP/Si devices.
For the GaInP/Si device, the impact of luminescent coupling is below 0.04% rel in energy yield for 2T, 3T, and 4T devices. In the case of such a 2T device, the top cell is the current-limiting device and the bottom cell operates closer to V oc compared to the case of the independent operation. Photons emitted by the bottom cell are below the bandgap of the top cell and cannot be collected by the top cell. For 3T devices the top subcell's voltage at the independent maximum power point is larger than the maximum power point voltage of the bottom subcell, and thus the top subcell operates closer to I sc compared to the case of the independent operation, and therefore emits almost no photons.
In the case of GaAs/Si 2T devices, there is a yield increase of 34% rel because of the luminescent coupling, since the Si bottom cell is current limiting. Thus, the top cell operates closer to V oc and emits many photons, which are collected with a probability of 0.5 by the bottom cell. The harvesting efficiency increases from 16.5% abs to 22.1% abs , which is still well below the Si single-junction efficiency. 3T devices show a slight increase in energy yield of 0.19% rel caused by luminescent coupling. Because of the voltage matching, the top cell will operate at a slightly higher voltage, since it is the voltage-limiting junction in this configuration. For 4T devices, a slight increase of 0.17% rel is calculated.
C. Spectral Effects of EVA Encapsulant
For outdoor operation, PV modules are encapsulated to protect them from the harsh environmental conditions. EVA is the most widely used encapsulant material and for high efficiency tandem devices, the most highly transparent materials will be applied. Therefore, we model the impact of the spectrally resolved absorption simulated from the extinction coefficient by an EVA encapsulant designed for enhanced transmission and a highly transparent low-iron solar glass [37] . Fig. 6 shows the harvesting efficiency of the tandem devices using spectral data and our temperature model, with and without absorption by an EVA layer. Luminescent coupling is taken into account for all configurations. For 3T and 4T devices of both cell types, the energy yields/harvesting efficiencies decrease by 0.98% rel -1.01% rel . However, in case of the 2T devices, the harvesting efficiency of the GaInP-based device decreases by 0.86% rel , whereas in case of the device with the GaAs top cell, the losses are 1.21% rel . Fig. 7 shows the EQE of the subcells and the absorption by the glass/EVA stack. The III-V semiconductor top cells have a limited blue response for wavelengths smaller than 360 nm, Fig. 7 . EQE of the four used subcells from [1] and the transmittance of the simulated EVA/glass stack [37] .
so absorption in this range has a minimal impact, but the stack absorbs more light in the near infrared than in the visible range, resulting primarily in a decrease of the bottom cell current. If the bottom cell is the current limiting junction, as in the case of the 2T GaAs/Si devices, the impact of the encapsulant is more pronounced than in the case where the top cell limits the current. Overall, the impact of the EVA is minimal.
IV. CONCLUSION
We presented a simplified approach to model the energy yield of novel, nonconcentrator tandem devices based on experimental STC I-V parameters and the EQE. The application of the model is shown for GaAs and GaInP top subcells on Si bottom subcells. However, the approach can also be used to model the energy yield of other III-V/Si or III-V/III-V tandem configurations, perovskites/Si, or others, for which outdoor performance measurements of modules with similar bottom cell are available.
In general, the STC efficiency correctly predicts relative performance for different tandem cell architectures, but all configurations are expected to produce lower harvesting efficiencies than their STC efficiencies. As shown in other works, the largest effect on the harvesting efficiency of highly efficient III-V/Si tandem cells in Denver, CO, USA, compared to STC efficiency, is the impact of the varying spectra [24] . Assuming the varying outdoor spectra and including the module operating temperature shows that the effect of spectral variations accounts for about 70% and thermal effects for about 30% of the reduction of the harvesting efficiency compared to the STC efficiency. In contrast with this, Liu et al. [23] , using an analytical temperature model, predicated that thermal effects would dominate for the same location.
The impact of spectral and temperature effects is more pronounced if they increase the current or voltage mismatch. The combination of both aspects results in a reduction of harvesting efficiency compared to the STC efficiency of up to 8.9% rel for 2T GaAs/Si devices, whereas the loss for GaInP/Si 2T devices is roughly half that with 4.5% rel .
Luminescent coupling has a strong impact for devices with a current-limiting bottom cell as in the case of 2T GaAs/Si tandem devices. There, we observed a relative increase in energy yield of 34% rel , but this device has low overall efficiency. For all other configurations, the effect is below 0.2% rel and thus can be neglected. The spectral impact of the encapsulation is about 1% rel . We model only slight differences between the investigated configurations for 2T devices, for which it increases or decreases the current mismatch.
For all investigated scenarios, the efficiency of the 2T GaAs/Si reaches up to 22.1% and is thus below the efficiency of the individual sub cells. In contract to this, the 2T GaInP/Si device achieves a harvesting efficiency of 30.0% without encapsulation and thus substantially more than the subcells. This harvesting efficiency is increased by 5.8% rel to a value of 31.3% for the 3T GaInP/Si configuration and to 32.1% for the 4T case. The relative difference between the harvesting efficiency of the 3T and 4T GaInP/Si configuration is 2.7% rel when assuming the encapsulation, but only 1.5% rel under STC. In warmer climates, the difference in the harvesting efficiency between these configurations will increase further and thus might have an impact on decisions about optimizing terminal configurations. The impact of temperature is smallest for the 2T configuration of GaInP/Si devices. For GaAs/Si devices, the difference between the 3T and 4T configurations is 2.7% rel under STC and 2.1% rel when assuming spectral and temperature effects and will decrease for warmer locations. Nevertheless, the energy yield for 3T GaAs/Si and GaInP/Si configuration is close to the yield for the 4T devices and outperforms current-matched 2T devices.
